V arious chemical wet oxidation techniques to remove toxic non-biodegradable pollutants from wastewater were compared in this work. Techniques applied included catalytic wet air oxidation (CWAO) over active carbon (AC) alone and with hydrogen peroxide (H 2 O 2 ) as well as wet peroxide oxidation (WPO) without or plus Fe 2þ initiator. The oxidation tests were conducted in a Trickle Bed Reactor and a tubular coil reactor at 25 -5508C and 10 -150 bar. The refractoriness to chemical wet oxidation was investigated for various organic pollutants including phenol, o-cresol, m-xylene, o-chlorophenol, p-nitrophenol, aniline, nitrobenzene, sulfolane and two industrial phenolic wastewater. CWAO over AC destroyed readily phenol, o-cresol, m-xylene and o-chlorophenol at 1408C and 9 bar of O 2 . More refractory aniline, p-nitrophenol, and particularly sulfolane and nitrobenzene, were tested with either H 2 O 2 promoted CWAO or WPO at higher temperatures. The use of Fe 2þ initiator was attempted to reduce the treatment severity of WPO. In a final step, the wet oxidation techniques were tested on the industrial effluents to obtain treatment efficiencies under field conditions.
INTRODUCTION
The increasing release of refractory, toxic and nonbiodegradable organic pollutants along with lower discharge limits has challenged the conventional wastewater treatment such as active carbon adsorption, incineration and biological remediation.
For non-biodegradable aqueous pollutants, there exists no universal treatment that is able to destroy all contaminants both efficiently and economically. Wet air oxidation (WAO) is today the mostly used chemical wet oxidation technique to treat sewage and a variety of medium to high concentrated industrial effluents (Mishra et al., 1995) . However, investment and operation costs of WAO plants are high as they employ excessive temperatures from 150 to 3008C and air pressures up to 200 bar. Over the past 15 years, super critical water oxidation (SCWO) proved to be an extremely powerful treatment for all kinds and concentration ranges of organic wastewater (Savage et al., 1995; Ding et al., 1996; Kritzer and Dinjus, 2001) . The even more drastic supercritical operating conditions of SCWO will restrict its application to effluents that contain highly concentrated and/or extremely refractory and hazardous organic pollutants. On the other hand, emerging advanced oxidation processes (AOP) performed well in drinking water purification and low concentrated organic wastewater treatment at mild temperatures (Neyens and Baeyens, 2003; Gogate and Pandit, 2004) .
For wastewater containing low to medium organic charges, catalytic wet air oxidation (CWAO) and wet peroxide oxidation (WPO) yielded satisfactory results on laboratory scale (Imamura, 1999; Pintar, 2003; Debellefontaine et al., 1996) . These techniques can become especially attractive when they are coupled with biological or physical-chemical end treatments. Combined treatments avoid the need for complete organic pollutant mineralization in chemical wet oxidation (Mantzavinos et al., 1999) .
The main research line of our group is focussed on the chemical and biological abatement of bio-toxic organic pollutants. One topic within this line is the study of wet oxidation treatments at milder conditions and the biodegradability of treated effluents. In this work, we report on the results obtained during chemical wet oxidation of common organic pollutants and industrial phenolic effluents. Comprehensive studies that deal with a variety of pollutants and treatment techniques are less frequent in literature (Debellefontaine et al., 1996; Lei and Wang, 2000; Esplugas et al., 2002) , although they are very useful for selecting a tailored wastewater treatment. Alternative oxidation techniques included CWAO over active carbon (AC) and WPO. The addition of H 2 O 2 and FeSO 4 were tested to enhance the removal efficiency of CWAO and WPO, respectively. AC was selected as catalyst, because it is stable both at acidic and basic pH, thereby eliminating leaching of the active phase observed for supported metal oxide or noble metal catalysts. Moreover, AC recently proved to render encouraging conversions in the oxidation of phenolic compounds (Fortuny et al., 1998 (Fortuny et al., , 1999 Tukac et al., 2001; Qin et al., 2001) . On the other hand, the use of Fenton reagent in wastewater treatment was often limited to batch operations at low temperatures. Thus, continuous WPO and FeSO 4 promoted WPO were conducted at higher temperatures to test the efficiency of H 2 O 2 oxidant at these operating conditions. The determination of the biodegradability of treated effluents by respirometry technique is underway in our laboratory, but first results will be briefly mentioned in the conclusions.
EXPERIMENTAL Materials
All model compounds selected are potentially hazardous priority pollutants that appear in the list of high production volume chemicals (production .1000 tons/y). The chemical substances were purchased from Aldrich. Two samples of wastewater effluents (termed TRI1 and TRI2) from the phenolic resin production were also subjected to chemical wet oxidation. The known effluent characteristics are listed below in Table 1 .
The AC (Merck) was supplied in form of 2.5 mm pellets. This AC is manufactured from wood and possesses a low ash content of 3.75%. The specific BET surface area, pore volume and average pore diameter were 990 m 2 g, 0.55 cm 3 g and 1.4 nm, respectively. Prior to use, the AC pellets were crushed and sieved to obtain the 0.3-0.7 mm fraction. Each sample was washed, dried at 1108C for 12 h and stored under inert atmosphere at room temperature. For CWAO, the gaseous oxidant was compressed high purity synthetic air (Carburos Metalicos). For WPO and Fenton catalysis, aqueous solution of H 2 O 2 (30% w/v) as well as ferrous sulfate (99% FeSO 4 ) were purchased from Panreac. Figure 1 shows the experimental set up designed for the oxidation experiments with H 2 O 2 . A scheme of the Trickle Bed Reactor used to conduct the CWAO experiments can be find in Fortuny et al., 1995 . The operating conditions of the oxidation treatments tested are summarized below in Table 2 .
Experimental Equipment and Procedure

Catalytic wet air oxidation
For CWAO in the TBR, the liquid feed line consisted of a stirred 5 L feed glass tank and a high-precision metering pump (Eldex, model E-120-S-2). The fixed bed reactor made of a stainless steel tube (20 cm in length and 1.1 cm i.d.) was filled with 7 g of AC. The compressed air was supplied from a high-pressure bottle at a constant working pressure. The gaseous and liquid streams were premixed and preheated, before they downflowed through the reactor. To control the reaction temperature, the tube was placed in an air convection oven (Mammert +18C). A thermocouple was inserted to measure the temperature inside the catalytic bed. The exited effluent was directed to a gas -liquid separator for liquid sampling. The gas outlet line of the separator was equipped with a micrometering valve and a gas flowmeter to control and measure the air flow-rate.
Oxidation runs were performed with 5 g L 21 phenol solutions at 120, 140 and 1608C and oxygen partial pressures of 0.1 and 0.2 MPa. The air flow rate was set at 2.4 ml s 21 (STP) to assure 100-250 % oxygen excess in the gas phase. The selected liquid flow rates (10 -150 ml h 21 ) corresponded to space-times of about 0.05 to 0.6 h. The rest of the model compounds were tested in CWAO experiments of 50 h. The operating conditions in these experiments were 1408C, 9 bar of O 2 , a space-time of 0.125 h and 5 g L 21 feed concentrations, except for those of nitrobenzene and m-xylene being 2 and 0.2 g L 21 , respectively. Liquid samples were periodically withdrawn at the reactor outlet and analysed by HPLC. The AC was collected at the end of each experiment and dried at 4008C under nitrogen atmosphere to determine a possible weight change during the experimental runs.
Promoted catalytic wet air oxidation and wet peroxide oxidation
The experimental set-up ( Figure 1 ) was designed for continuous operation at temperatures and pressures up to 5508C and 400 bar, respectively. The equipment consisted of three sections: the feed zone, the reaction zone in the fluidized sand bath (Techne, IFB-101) and the coolingdecompression zone. A high-pressure two-head metering pump (3) (Eldex, model AA-100-S-2-CE) delivered the H 2 O 2 and organic solutions to the reactor. Each feed line contained a flow damper (4) (Hidracar), a security valve (NUPRO SS-4R3A) (5), a manometer (WIKA) and a check valve (6) (HiP 15-41AF1). The 1/8 00 high-pressure tubing was of stainless steel, except for the corrosion resistant tubing (Hastelloy C-276), which was submerged in the sand bath. In the case of separated feeds, before entering the reactor coil (9a) (0.06 in i.d., 3 m long), the H 2 O 2 and organic solutions were mixed in a cross (8) at a 908 angle of incidence. The temperature was measured at the inlet and outlet of the reactor by two thermocouples (type K, Inconel). The cooling-depressurization section included a counter-current heat exchanger (10), a back-pressure regulator (11) (Tescom) and a liquid sampling device. For promoted CWAO, synthetic air was supplied from an external high-pressure bottle. The reactor coil was replaced by a tube (9b) (10 cm in length, 0.6 cm i.d.), which was filled with AC particles of 0.5 mm. The back-pressure regulator was by-passed and a gas -liquid separator (12) as well as a gas flow meter (14) were installed. To maintain the system pressure a needle valve (13) was mounted in the gas line downstream of the separator.
The inlet concentrations of phenol, nitrophenol, nitrobenzene, aniline and sulfolane and industrial effluents studied were set as in CWAO. The industrial samples were filtered prior to experiments. CWAO with H 2 O 2 was conducted at 1708C, 3.4 bar of O 2 , space -times in the range of 0.01 -0.167 g AC g L h 21 and a constant air flowrate of 2.4 ml s 21 . Different quantities of H 2 O 2 (10 -40%) were added to the liquid organic feed solution. The typical AC catalyst load of the small TBR was about 0.7 g. The AC samples were collected at the end of each experiment, dried overnight at 1208C to remove humidity and physically adsorbed compounds and weighted.
For WPO, the temperature and pressure ranged from 250 to 5508C and 20 to 350 bar, respectively. The liquid flow rates were selected to provide residence times of 5 to 90 s. In most of the experiments, 50 or 100% of the stoichiometric H 2 O 2 demand was fed to the reactor. Depending on the liquid flow rate, it took the system 2-3 h to reach 2-balances; 3-high pressure pump; 4-flow dampers; 5-security valves; 6-check valves; 7a-organic preheater; 7b-H 2 O 2 preheater; 8-mixing block; 9a-reactor coil; 9b-fixed bed reactor; 10-heat exchanger; 11-back pressure regulator; 12-gas-liquid separator; 13-needle valves; 14-gas flow meter. 
Analysis
The compound concentrations were determined by HPLC (Beckman System Gold) using a C18 reverse phase column (Tracer Extrasil ODS-2, 5 mm, 25 cm Ã 0.4 cm) to separate compounds and intermediates. The mobile phase, adjusted to a flow-rate of 1 ml min 21 , was methanol and acidified distilled water in volume proportion of 35:65%. For nitrobenzene, the mixture composition was changed to 50:50%. The UV detector lamp was normally set at a wavelength of 254 nm. For aniline, the mobile phase used was 60% acetonitrile and 40% acidified distilled water, and the wavelength was switched to 280 nm. Compound concentrations were calculated from calibration curves, which were established with known standard solutions. Sulfolane was quantified using a GC (Hewlett Packard 6890N) equipped with a flame ionization detector. The detector unit was heated to 2508C. For compound separation, a HP-5 cross-linked column (5% phenyl methyl silicon, 30 m, 0.32 mm, 0.25 mm) was used with 99.999% purity helium as carrier gas. The oven temperature was programmed to increase from 140 to 1808C at a heating rate of 108C min 21 . The COD values of the samples were determined with the help of a colorimeter and a thermoreactor (Velp Scientifica) according to the potassium dichromate standard method (Clesceri et al., 1989) . The pH value of withdrawn liquid samples was regularly monitored with a pH-meter (CyberScan). , phenol and COD destruction .99% and 85% were performed. The main intermediates detected were 4-hydroxybenzoic acid, benzoquinone, maleic, formic and acetic acid as well as traces of hydroquinone and oxalic acid. Refractory, though biodegradable acetic acid mainly accounted for the 15% of remaining COD at the highest phenol conversions.
RESULTS AND DISCUSSION
Treatment of Model Organic Compounds
Compound and COD removal is a key aspect in wastewater treatment and knowledge of the rate law is mandatory for scale up and process development studies. The conversion data obtained in the TBR were tested for kinetic parameter determination since oxidative coupling reactions can mask the actual phenol oxidation in a batch reactor . The kinetic reaction control in the TBR was carefully verified for the operating conditions applied. The comparison of experimental reaction rates with mass transfer rates calculated from literature correlation clearly suggested kinetic control in our TBR (Eftaxias, 2003) . For design purposes, the kinetic model should be as simple as possible, although matching the experimental observations. A simple power law with first orders for phenol and oxygen concentration should provide a reasonable fit of the phenol and COD data:
where C i is the phenol or COD concentration (mmol L 21 ), k 0i is the frequency factor (L kg 21 h 21 ), E ai is the activation energy (J mol), R is the ideal gas constant, x O2 is the oxygen liquid mole fraction and a is the reaction order with respect to the oxygen fraction. The reaction order of phenol and COD were fixed at 1, while a was left free for optimization. Accurate values of x O2 were calculated at each temperature and pressure using Henry's coefficients as given by Himmelblau (1960) . The x O2 was considered constant throughout the reactor, since the highest oxygen consumption was below 5% of the available amount of oxygen in the gas phase. Changes of phenol concentration due to the effect of temperature on liquid density and vapour pressure were accounted for in the model calculations. More mechanistic Langmuir-Hinshelwood kinetic equations including adsorption and desorption phenomena were also tested, but these models did not improve the prediction of the power law model. The unknown kinetic parameters were obtained by a non-linear regression technique (Eftaxias et al., 2001 ). The objective function was minimized to find the parameter values that best fit the experimental phenol and COD profiles. Initial guesses of E ai and k 0i were estimated from the experimental data. The good quality of the fit obtained by the power law model is illustrated in Figure 2 . On average, the predicted phenol conversion (solid lines) deviated from the experimental phenol conversions by only 4%. The activation energy and frequency factor for phenol destruction were 69.3(+0.4) kJ mol 21 and 6.49 10 13 L kg 21 h 21 with a 95% confidence interval. The order for oxygen mole fraction was 1.02 + 0.02, which confirmed the observed experimental trend. The prediction for COD abatement (dashed lines) in Figure 2 also agrees well with the experimental COD data. Systematic deviations, i.e. overestimation of COD conversion, only occurred for the highest COD conversions at 1608C. The accumulation of refractory acetic acid is the cause of this deviation as the simple model did not account for its effect on COD destruction. The activation energy of 60.7(+0.6) kJ mol 21 and pre-exponential factor of 1.02 Â 10 12 L kg 21 h 21 found for COD destruction were less than those for phenol, whereas the oxygen order [0.9 (+0.03)] was also close to unity.
Model pollutants: AC has been merely considered for the catalytic oxidation of substituted phenols. Studied compounds included p-chlorophenol (Qin et al., 2001) , 2-aminophenol, salicylic acid and 5-sulfosalicylic acid (Tukac and Hanika, 1998) . The ACs employed yielded almost complete conversion of the chloro and amino substituted phenols at the given reaction conditions. The carboxy and sulfo group of salicylic acid and 5-sulfosalicylic acid apparently deactivated the phenol molecule leading to a low 40% degradation.
To obtain a clearer picture of the substituent effect, phenol, m-xylene, o-cresol, o-chlorophenol, p-nitrophenol, aniline, nitrobenzene and sulfolane were oxidized in the TBR at 1408C, 9 bar of O 2 , 0.125 g AC g L h 21 and inlet concentrations of 5 g L 21 , except for less soluble m-xylene (0.2 g L 21 ) and nitrobenzene (2 g L 21 ). Figure 3 shows as an example the evolution of conversion monitored during 50 h on stream for o-cresol, o-chlorophenol, p-nitrophenol and sulfolane. The final conversions of all compounds tested are given in Table 3 .
The AC destroyed readily m-xylene, o-cresol, o-chlorophenol and phenol, whereas aromatic compounds containing nitrogen and sulphur groups proved very refractory. The following reactivity order was observed:
It is generally accepted that the liquid phase oxidation of phenols and substituted phenols by molecular oxygen is an electrophilic reaction that follows a heterogeneoushomogeneous free radical chain mechanism (Sadana and Katzer, 1974; Joglekar et al., 1991) . According to the postulated mechanism, the easiness of the organic to form free radicals is a key parameter that can be inferred from critical oxidation or halve-wave potentials. The values of the potentials found in literature (Patei, 1971) are also given in Table 3 .
The easiness of oxidation should be favoured by the increase of steric crowding in ortho position and higher electron-releasing (or lower electron-withdrawing) ability of substituents in ortho and para positions. This trend was confirmed by our results. Activating CH 3 and Cl groups in o-cresol and o-chlorophenol lead to lower oxidation potentials than that of phenol what could explain the higher conversions observed for the two former compounds in CWAO.
In turn, p-nitrophenol (and nitrobenzene) contains a strongly deactivating NO 2 group that increased considerably its oxidation potential and refractoriness to CWAO (Table 3) . Aniline has a potential close to that of phenol, although CWAO over AC performed a low conversion of only 15%. The amino group significantly activated the benzene ring, however its electron-donor capacity must be considerably weaker than that of the OH group in the phenol molecule.
The critical oxidation potentials of sulfolane and nitrobenzene could not be found in the literature, but the low activities demonstrated should indicate high potential values. The concept of electron-donor/acceptor groups is useful to roughly predict the order of CWAO activity of aromatic compounds, if the oxidation mechanism follows an electrophilic substitution.
However, the oxidation of organic compounds over AC involves adsorption of both organic and oxygen. Moreover, the AC can catalyse oxidative coupling reactions and, at the same time undergo combustion in CWAO. These phenomena, depending on the nature and concentration of the organic compound and the operating conditions (see weight changes in Table 3 ), can strongly interfere in the reaction mechanism and the resulting catalytic activity.
Hydrogen peroxide promoted catalytic wet air oxidation over active carbon
Attending to the radical nature of WAO and CWAO, H 2 O 2 can act as a free radical initiator (and oxygen CHEMICAL WET OXIDATION OF ORGANIC WASTEWATER POLLUTANTSsource) to enhance the oxidation rate of organic compounds (Debellefontaine et al., 1996; Rivas et al., 1999) . The addition of H 2 O 2 was thus tested on the oxidation of 5 g L 21 solution of phenol, p-nitrophenol and aniline. The experiments were conducted in the wet peroxide equipment replacing the tubular coil by a bigger tube filled with 0.7 g of AC to shorten the time required for achieving steady state of adsorption and reaction (20 h in the small scale TBR loaded with 7 g of AC). Higher temperature and oxygen partial pressure of 1708C and 0.34 MPa, respectively, were necessary to compensate for the lower conversions with the new AC load. Under these conditions, conversion space -time profiles could be obtained in about 5 to 7 h, thereby reducing unwanted AC combustion that may be enhanced by the higher temperatures applied.
The compound and COD conversions that resulted from H 2 O 2 promoted CWAO of phenol, aniline and pnitrophenol over AC are shown in Figure 4 . For CWAO alone, similar phenol conversions of 71 and 78% were obtained at 1408C and 1708C, respectively, whereas the conversions of aniline and p-nitrophenol increased from 15 and 9% at 1408C to about 35 -40% at 1708C (see Figure 4 ). Higher activation energies for aniline and p-nitrophenol oxidation over AC could explain the more sensitive temperature dependence of the latter two pollutant conversions.
On addition of 10 -40% H 2 O 2 , the destruction rates of all compounds were strongly improved. Phenol and COD destruction up to 95% and 80% were achieved with 30% H 2 O 2 . In the case of p-nitrophenol, compound and COD removal of about 80% and 75% were performed on 40% H 2 O 2 addition. The close compound and COD conversions indicated that the reacted p-nitrophenol was almost completely transformed to CO 2 and water.
The CWAO of aniline showed a different behaviour. Aniline is a weak base and the pH of a 5 g L 21 solution was about 8. Only 40% aniline conversion (Figure 4 ) at otherwise same conditions was obtained. Oliviero et al. (2003) reported that aniline was more reactive at a pH of 4. Adjusting thus the solution pH to 4, CWAO aniline conversion increased to 60% with a COD removal of 50%. The removal efficiency at pH ¼ 8 further improved to remarkable 90% (aniline) and 80% (COD) on addition of only 10% H 2 O 2 (Figure 4) .
However, reactor plugging occurred after 1.5 h of operation, thereby invalidating the excellent results obtained. Aniline can form dimers (Selvam and Ramaswamy, 1995) or even polymerise to polyanilines (Oliviero et al., 2003) at CWAO conditions. Also, AC catalyses condensation reactions of organic compounds (Cooney and Xi, 1994) . A plausible explanation for the reactor plugging is thus the formation of polyanilines (precursors) that rapidly led to the obstruction of the AC bed. The addition of H 2 O 2 appears to be a promising solution to improve the removal efficiency of CWAO. AC is sought to concentrate the reactants on its catalytic surface and to generate free radicals from both dissolved molecular oxygen and hydrogen peroxide. The promoting effect of H 2 O 2 was less marked than in batch oxidation experiments. In continuous CWAO, the H 2 O 2 probably did not remain long enough in the reactor to build up a critical free radical concentration required for the promoting effect to develop.
Wet peroxide oxidation
To achieve complete mineralization of pollutants, WPO was first tested on phenol and refractory p-nitrophenol, aniline, nitrobenzene and sulfolane. At 3008C, 150 bar and 100% H 2 O 2 , a 5 g L 21 phenol solution was almost completely mineralized (not shown here) within a residence time of 50 s. It was checked that the contribution of hydrolysis to phenol destruction was not important (less than 1.5%) at the selected operating conditions. However, feeding H 2 O 2 and phenol together resulted in a more efficient use of the oxidant, i.e., higher phenol conversion, than separate feeding of phenol and oxidant.
Subsequently, p-nitrophenol, aniline, nitrobenzene and sulfolane were oxidized at the established phenol WPO conditions. The reaction temperature, if necessary, was increased above 3008C to accelerate the chemical reaction and improve the mineralization rates. The compound and COD conversions (except for sulfolane) are illustrated in Figure 5 for the different reaction temperatures studied.
WPO of p-nitrophenol (5 g L 21 ) achieved also very high conversions (.99%) at 3308C. However, the COD removal, almost complete in phenol WPO, was only 80% at 3308C and 84% at 4008C. The remaining COD was probably caused by the formation of refractory intermediates. Liquid samples had a clear yellowish colour that persisted at highest COD removal and 4008C, supporting the formation of stable (non carboxylic acids) intermediate products.
The partial oxidation products of aniline (5 g L 21 ) proved to be more refractory than those of phenol and p-nitrophenol WPO. At 3708C, aniline conversion was almost complete, while the COD destruction remained below 80%.
Applying the same temperature, the WPO of sulfolane (5 g L 21 ) led to only 90% conversion and 80% COD removal. Sulfolane was even more refractory than aniline, although the degree of sulfolane mineralization improved. A major inconvenient of sulfolane WPO was the formation of a corrosive effluent with pH values below 1. Occasionally, the reactor effluent had a clear green colour and mass spectrometer analysis detected nickel and chromium in concentrations of 240 ppm and 70 ppm, respectively. Adjusting the pH of the reaction medium can prevent the corrosion of the Hastelloy tubing, but further tests should determine the destruction efficiency of sulfolane WPO at these conditions.
As for CWAO, the most recalcitrant pollutant was nitrobenzene (2 g L 21 ). Sandbath temperatures of 5508C were required to obtain acceptable nitrobenzene and COD removals of 80% and 65-70% ( Figure 5 ).
Concluding, WPO using H 2 O 2 oxidant at higher temperatures significantly improved the destruction efficiency of bio-toxic organic pollutants. Higher temperatures reduced the required residence times by an order of magnitude, although complete mineralization of pollutants was not possible despite the harsh operating conditions.
Fenton promoted wet peroxide oxidation
To reduce the abusive temperatures of WPO, the promotion of WPO by FeSO 4 was investigated. The application of Fenton reagent is well known for wastewater treatment in batch reactors, in particular at low reaction temperatures. Continuous Fenton studies that apply higher temperatures are much less frequent. Preliminary experiments with phenol (5 g L
21
) showed that mineralization of phenol was almost complete at a residence time of about 200 s at 2008C, 20 bar, 100% of H 2 O 2 , adjusted pH of 3 and addition of 20 mg L 21 FeSO 4 (7.5 ppm Fe 2þ ). Figure 6 illustrates the removal efficiency obtained with Fenton promoted WPO for p-nitrophenol, aniline and nitrobenzene under otherwise same operating conditions. It can be seen that Fenton promoted WPO performed high The apparent order of reactivity was phenol % aniline . p-nitrophenol . nitrobenzene. Short residence times below 90 s were sufficient to reach the plateau values of compound and COD conversion.
For p-nitrophenol, some stable intermediates persisted during the experiments. The colour of withdrawn liquid samples changed gradually from brown to yellow at higher residence times, and a repellent odour different from that of p-nitrophenol was noted.
Again, the excellent destruction results obtained for aniline are not valid, since reactor plugging occurred after a few hours of operation. It can be concluded that the promotion of WPO by traces of FeSO 4 can be very effective (phenol and nitrobenzene) to reduce its abusive reaction temperature and pressure. It is, however, strongly recommended to previously verify the compatibility of Fenton reagent and organic species to avoid precipitation during the course of reaction that will rapidly lead to reactor plugging.
Treatment of Industrial Effluents
Catalytic wet air oxidation over active carbon without and with H 2 O 2 CWAO over AC was conducted at 1708C, 3.4 bar O 2 and 0.7 g AC. For TRI1 after 50 min of operation, the apparently complete conversion due to adsorption decreased linearly, while the upstream reactor pressure increased slowly from 25 bar to 50 bar. At that moment, the experiment was stopped. The reactor was opened and a solid plug that was difficult to remove was found in the reactor inlet section. A possible explanation of the plugging is the formation of polymerizing products. The TRI1 effluent comes from a phenolic resin production process. HPLC analysis and a pH of 7.6 indicated the presence of compounds other than phenol, which probably caused polymerization reactions in the presence of AC. TRI2 treatment by CWAO was possible. TRI2 had a low phenol concentration (36 ppm) and phenol conversions of 60 -80% were achieved at the given operating conditions. This provided phenol outlet concentrations in the range of 5 -10 ppm that are acceptable for a biological end treatment. However, the high COD content of TRI2 (97 g L 21 ) could be only reduced to 60 g L 21 by CWAO. On addition of 10-25% H 2 O 2 , the COD conversion increased from 40% to about 65%. The H 2 O 2 was thus efficiently used in CWAO over AC. On the whole, selecting an adequate amount of AC catalyst and residence time, it should be possible to achieve COD conversions that are amenable to biological treatment of TRI2. 
Wet peroxide oxidation and Fenton wet peroxide oxidation
Previous experiments showed that TRI1 sample could not be treated with CWAO over AC due to rapid reactor plugging. TRI1 was therefore tested with WPO and Fenton WPO to obtain a better abatement efficiency. Results of WPO at 3008C, 100 bar, 100-150% H 2 O 2 are given in Figure 8 . As for WPO of model compounds, the phenol and COD conversions increased sharply at small residence times before reaching the respective plateau values. At small residence times the H 2 O 2 acted as a very effective oxidant and its loss due to decomposition to water and less reactive molecular oxygen did not play a significantly role. The phenol conversion was now almost complete at 60 s, although the COD destruction only reached 70 -75%, even on addition of 150% H 2 O 2 . Complete phenol mineralization would correspond to approximately 75% of COD destruction, as it was experimentally observed. The 25 -30% COD remaining after WPO of TRI1 is thus difficult to explain by the formation of refractory intermediates coming from the partial oxidation of phenol. The absence of intermediates was also confirmed via HPLC analysis. The refractory compounds were probably present in the feed solution, since 25% of the feed COD (5.6 g L 21 ) could not be associated to the phenol feed concentration (1.8 g L 21 ) of TRI1 sample. Further analysis of TRI1 may be required to identify the unknown compounds.
On the other hand, the addition of 20 mg L WPO and Fenton WPO were also tested on TRI2 sample. The high COD load of 97 g L 21 of TRI2 required also high H 2 O 2 feed concentrations which, at the same time, favoured its decomposition to water and non reactive molecular oxygen. The formation and coalescence of oxygen bubbles was frequently observed in the suction line and occasionally caused pump cavitation. In some experiments, the TRI2 sample was thus diluted three times by deionized water to allow for correct pump operation on the cost of a lower H 2 O 2 concentration.
With respect to phenol, its conversion achieved in WPO was satisfactory, i.e., 90% and about 100% without and with dilution, respectively. The COD removal obtained in WPO is shown in Figure 9 as a function of liquid residence time. Without diluting the feed, maximal conversions of only 55% were performed after about 150 s. This means that almost half of the H 2 O 2 was not available for the oxidation of TRI2. At high H 2 O 2 concentration, the H 2 O 2 molecules acted as a scavenger of hydroxyl radicals, enhancing thereby its decomposition to water and molecular oxygen.
Diluting the feed improved the COD destruction to about 70%, but the H 2 O 2 efficiency was still far from being satisfactory. An additional increase of COD removal to 80% was noted by incrementing the temperature from 300 to 3408C. Nevertheless, dilution and harsh operating conditions being required, the treatment of TRI2 by WPO may not be attractive from an economical point of view.
Also, the addition of FeSO 4 could not render a better performance for the diluted TRI2 effluent. The COD removal reached now only 40%, although at considerably lower temperature and pressure of 2008C and 20 bar. This result was certainly due to the incompatibility of Fe 2þ ions and some components of TRI2 sample. When mixing TRI2, H 2 O 2 and FeSO 4 at room temperature, a change of sample colour to dark brown, accompanied by precipitation was observed. WPO or Fenton WPO is thus not recommended for the efficient treatment of TRI2 effluent.
CONCLUSIONS
Chemical wet oxidation (CWAO, WPO) has been tested for the abatement of bio-toxic and refractory organic pollutants (phenol, o-cresol, m-xylene, o-chlorophenol, p-nitrophenol, aniline, nitrobenzene, sulfolane) and two industrial phenolic wastewater.
As far as CWAO of organic pollutants is concerned, the alternative AC catalyst readily destroyed phenol, o-cresol, m-xylene, and o-chlorophenol at 1608C and 9 bar of O 2 . Nitrogen-and sulphur-containing compounds (aniline, p-nitrophenol, nitrobenzene, sulfolane) were refractory to CWAO over AC. The addition of H 2 O 2 could significantly enhance CWAO of phenol, p-nitrophenol and aniline. However, AC also catalyses oxidative coupling reactions that can lead to polymer formation and rapid reactor plugging as observed for aniline and TRI1. Overall, CWAO over AC without or with H 2 O 2 addition is a versatile technique to remove organic pollutants from wastewater.
If CWAO fails to remove organic pollutants, continuous WPO or Fenton WPO using powerful H 2 O 2 oxidant are suitable alternatives. Phenol, aniline, p-nitrophenol, nitrobenzene and sulfolane could be readily destroyed within 30-50 s on the cost of higher pressures (150 bar) and higher, sometimes abusive temperatures (5508C for nitrobenzene). The addition of only 20 mg L 21 FeSO 4 softened the WPO treatment severity to 2008C and 20 bar, while maintaining the treatment performance at similar residence times. Drawbacks in continuous Fenton WPO arise due to the incompatibility of Fenton reagent and organic species. Complexation and precipitation reactions can occur and invalidate the benefit of Fenton Reagent (see aniline and TRI1).
The abatement of the two industrial effluents was more difficult to achieve. Although almost complete phenol mineralization and medium to high COD removal were performed, none of the aforementioned techniques was able to satisfactorily treat all effluents. Encouraging results were obtained with promoted CWAO for TRI1 and Fenton WPO for TRI2. Due to the complex and varying composition of real effluents, industrial wastewater treatment has to be case specific. Moreover, complete mineralization of pollutants cannot be economically achieved with chemical wet oxidation alone. Combined chemical -biological processes appear to be a technically and economically feasible alternative, the chemical oxidation being a pretreatment to destroy non-biodegradable organic substances and partially COD load of effluents. First tests of biodegradability by respirometry technique showed that untreated effluents were all detrimental to the microorganism. After remediation, for example, by CWAO, the treated samples were up to 30 -70% less inhibiting and biotoxic, depending on the degree of destruction of toxic ring intermediates achieved in the pre-oxidation step.
